Introduction
The high mortality rate of lung cancer has not been ameliorated by current therapeutic efforts (1, 2) . Therefore new strategies for the successful management of this disease are essential. Lung cancer tumors and cell lines synthesize growth factor(s) including gastrin-releasing peptide (GRP) 1 and IGF, which play autocrine stimulatory roles in lung cancer (3) (4) (5) (6) . Since the effect of autocrine growth factors can be blocked by specific antagonists such as mAbs, we have previously proposed a chemoprevention strategy to prevent clonal expansion of early cancer cells by neutralizing autocrine growth factor effects (7) . The autocrine hypothesis suggests that the production and response to growth factors by tumor cells may account for the characteristic loss of growth regulation by cancer cells (8) . The clonal expansion of an early transformed epithelial cell and the progression of an advanced cancer cell to metastatic disease are both mediated by chronic growth factor stimulation. The important autocrine growth factors, IGF and GRP provide attractive targets for developing treatment and chemopreventive strategies.
Early signal transduction events for lung cancer have been reported to involve rapid production of inositol 1,4,5-triphosphate, mobilization of Ca 2 ϩ , and activation of phospholipase C (9, 10) . Others have reported that the signaling pathway for neuropeptide-induced mitogenesis activates the release of AA in the Swiss 3T3 model (11) . However, to date the AA signaling pathway is less clearly defined in lung cancer models (12, 13) . Activation of AA metabolism is initiated by the release of AA from the phospholipid pool by the enzyme phospholipase A2 (14) . The released AA can be metabolized by the cyclooxygenase pathway where AA is rapidly transformed to prostaglandins, and subsequent metabolites (15) . Compounds which preferentially inhibit AA metabolism to prostaglandins, such as aspirin, are emerging as potentially important tools for cancer management (16) . The other AA metabolic route is the lipoxygenase pathway, where AA is converted by fatty acid lipoxygenases into hydroperoxy derivatives and eventually to hydroxy compounds and their metabolites or to leukotrienes (Fig. 1) . A number of pharmacologic antagonists for this pathway are being used in specific clinical settings (17) . Inhibitors of 5-lipoxygenase (5-LO) metabolism have shown promise in the treatment of asthma and shock with limited side effects in preclinical and clinical trials (18, 19) .
While the cyclooxygenase pathway may be important for regulating colon cancer growth, our results suggests at least a comparable role for the 5-LO pathway for other epithelial cancers. In this study, we demonstrate that the 5-LO branch of the AA signaling pathway for lung cancer cell lines was activated after stimulation with two known autocrine growth factors. Inhibitors of AA metabolism can antagonize the biochemical effects of growth factors and inhibit cell growth. Furthermore, when 5-LO antagonists were used a greater antiproliferative effect was observed than what was achievable with a cyclooxygenase inhibitor. The critical role of this growth factor signaling circuit may be to permit cells to cycle through apoptotic growth control as recently discussed (20), and 5-LO may be an important mediator in this process. Our data suggests that 5-LO antagonists may provide a strategic tool in neutralizing the effects of specific growth factors which are clinically significant in respiratory carcinogenesis.
Methods
Cell lines. Cell lines used in the study were established at the National Cancer Institute-Naval Medical Oncology Branch, Bethesda, MD and maintained in RPMI 1640, supplemented with 5% FBS, penicillin (50 U/ml) and streptomycin (50 mg/ml) (Gibco BRL, Grand Island, NY), in a humidified atmosphere of 95% air and 5% CO 2 atmosphere at 37 Њ C. The cell lines were free of mycoplasma contamination.
HPLC characterization. Briefly, [ 3 H]AA (100 mCi/150 cm 2 flask) was incorporated into cells overnight. The culture fluid was removed and the cells washed twice with PBS. They were resuspended in a balanced salt buffer (21) and were then exposed to various agonists, and the reaction was stopped by acidification with 0.1 M formic acid, 10 mM butylated hydroxytoluene in methanol. The cells were disrupted, and cellular debris removed by centrifugation. The supernatant was diluted fivefold, an internal standard was added, and the arachidonate metabolites were extracted onto disposable C-18 cartridges. The various metabolites were separated by RP-HPLC using a Beckman "Gold" HPLC chromatographic system with a Beckman Ultrasphere 5 mm analytical ODS (4.6 ϫ 250 mm) column (Beckman Instruments Inc., Irvine, CA) and detected using an on-line radioactivity detector (Packard Radiomatic, Chicago, IL ϩ RNA (Gibco BRL). First-strand cDNA, prepared using random hexamers, was PCR-amplified using oligonucleotides derived from cDNA sequences of 5-LO and FLAP and selected using Lasergene Software by DNASTAR (Madison, WI). Forward (F) and reversed (R) primers used to detect 5-LO and FLAP cDNAs in the amplification were: 5LO-
PCR amplification was performed for 35 cycles with 94 Њ C denaturation for 30 s, 60 Њ C annealing for 15 s, and 72 Њ C extension for 1 min. RT-PCR products were resolved in a 1.3% agarose gel run in 1 ϫ TBE buffer and confirmed by Southern blotting onto nitrocellulose and hybridization to radiolabeled internal primer probes as described by established methods (24) . Amplification products for both 5-LO and FLAP were of the expected size (data not shown) as determined by ethidium bromide staining.
In situ RT-PCR was performed following established methods (25) with the same primers used above. Briefly, after proteinase K digestion the sections were subjected to reverse transcription with the same kit used for regular RT-PCR. The PCR mixture (Perkin Elmer Cetus, Norwalk, CT) contained 2.5 mM MgCl 2 , 2.5 U/100 ml Taq DNA polymerase, 200 mM dNTPs, 100 mM digoxigenin-11-dUTP (Boehringer Mannheim Biochemicals, Indianapolis, IN), 1 ng/ml primers, 50 mM KCl, 10 mM Tris-HCl, pH 8.3. To achieve a synchronized "hot start," Taq polymerase was blocked with TaqStart antibody (Clontech, Palo Alto, CA). The incorporated digoxigenin was localized with the Digoxigenin Detection Kit (Boehringer Mannheim Biochemicals).
Athymic nu/nu mouse experiments. NCI-H209 tumor cells (10 7 / mouse) were subcutaneously injected into the flanks of athymic nu/ nu Balb/c mice, and a palpable mass formed after 7 d. Treatment began on day 7 and consisted of two groups. The mice were given either 0.1% NDGA in their drinking water for 4.5 wk or PBS (placebo group). Tumors were measured twice a week. For the apoptosis experiments, tumors from four mice in each of the NDGA and placebo group were killed at the conclusion of the study, and the flank tumors were harvested.
Apoptosis analysis. The tumors were fixed in 10% buffered formalin for 24 h and paraffin embedded. The tissue sections were analyzed for the presence of apoptosis-induced nucleosomes using the ApopTag in situ apoptosis detection kit (Oncor Inc., Gaithersburg, MD). The number of apoptotic cells was counted in 10 microscopic fields ( ϫ 40) of each case.
Statistics. Significance of difference between samples was determined using Student's paired t test. P Ͻ 0.05 was regarded as significant.
Results
Kinetic studies of AA metabolism. For an SCLC cell line, we analyzed intracellular AA signaling after exposure to two growth factors. Kinetic studies were performed, and samples analyzed using a previously reported HPLC chromatographic procedure (15) . The earliest metabolite produced by IGF-I (30 s) was 5(S)-hydrooxyeicosa-6E,8Z,11Z,14Z-tetraenoic acid (5-HETE). GRP also stimulated production of 5-HETE, although its production was slightly delayed (90 s) compared to IGF-I (Fig. 2 A ) . IGF-I-stimulated 5-HETE production was maximal from 2 to 6 min; by 12 min its level, although decreased, was 1.3-fold higher than control (however, alternate 5-LO and downstream metabolites of 5-HETE were also elevated at 12 and 20 min). The 5-HETE metabolite showed characteristic ultraviolet absorbance maxima by dual wavelength at 216/235 nm, and 5-HETE was also identified by a specific RIA (data not shown). The involvement of 5-HETE in the growth stimulation was confirmed by the exogenous addition of 5-HETE to tumor cells (Fig. 2 B ) . A significant, reproducible, dose-dependent increase in cell growth for H209 was observed with the exogenous addition of 5-HETE, as measured by a modified MTT growth assay.
Inhibition of AA metabolism. The schema in Fig. 1 outlines where the inhibitors used in this study act on the metabolism of AA. The arachidonate metabolites generated by IGF-I or GRP stimulation of NCI-H209 were studied in the presence and absence of a 5-LO inhibitor, 2-(12-hydroxydodeca-5-10-dinyl)-3,5,6-trimethyl-1-4-benzoquinone inhibitor (AA861), and the cyclooxygenase inhibitor, ASA. Fig. 3 shows the response of 16 arachidonate metabolites subsequent to IGF-I stimulation, with or without preexposure to AA861 or ASA. Major products which showed dynamic responses after exposure to growth factors are presented. Fig. 3 A shows that the levels of 5-LO-generated metabolites increased when stimulated with IGF-I. The most significant changes were in the production of 5-HETE, LTD4, and AA itself. 5-HETE and LTD4 were maximally stimulated, Ͼ threefold over control levels, at time points within 2 min after addition of IGF-I. Under our experimental conditions neither LTB4 nor LTD4 affected proliferation rates in NCI-H209 cells (data not shown) in contrast to our results with 5-HETE (Fig. 2 B ) . AA itself was increased approximately twofold by IGF-I. Other metabolites such as prostanoids, lipoxin A4, 12-, and 15-HETE were also increased to lesser degrees. In the presence of IGF-I, 5-LO inhibitors reversed these effects with consistent inhibition of 5-HETE, LTD4 and AA production. Representative data shown for AA861 demonstrate this pattern. Upon preincubation with AA861 alone, 5-LO metabolites remained approximately at control levels as expected (Fig. 3 A ) , while a prostanoid and 15-HETE were elevated above controls (Fig. 3 B ) .
In contrast, addition of AA861 followed by IGF-I stimulation resulted in marked elevation of 5-HPETE, 5-HETE ␦ -lactone, and 15-HETE. The leukotrienes were produced at approximately control levels except for LTB4, a minor product. The radioactivity associated with the various metabolites in control cultures (after subtraction of background) fell into three ranges: cpm of 700-1,300 (prostanoids, LTB4, and its oxidation products, LXA4, and LTC4), 3,000-7,000 (LTD4, LTE4, 5-,12-, and 15-HETEs, and HPETEs, 15 HETE methyl ester, and 5-HETE ␦ -lactone), and Ͼ 20,000 (AA). We have seen consistently that changing the culture fluid to the reaction buffer stimulates a minor onset of AA metabolism. Growth factors, such as IGF-I and GRP, stimulate multiple-fold production of certain of these metabolites as is shown in Fig. 3 . These results suggest that AA861 may be stabilizing the peroxide (5-HPETE) or may exert its blocking effect on the leukotriene branch of the pathway rather than on the formation of the parent 5-eicosanoid derivative, as has been previously suggested (26). The metabolite 5-HETE ␦ -lactone can be produced enzymatically from either 5-HPETE or 5-HETE. These data suggest that in the presence of AA861, 5-HPETE was converted directly to the lactone.
In comparison, pretreatment of the cells with ASA showed the expected blockage in the appearance of prostanoids. In general, pretreatment with ASA alone, although it elevated several metabolites, did not show significant increase in alternate pathways. Agonist stimulation (IGF-I) in the presence of ASA showed a 5.8-fold increase in LTD4 and a significant increase in the compounds 5-HPETE, AA, and 15-HPETE.
Regulation of cell growth. The kinetics of production of metabolites, and the ability of 5-HETE to stimulate proliferation, encouraged us to focus on the role of these pathways in regulation of cell growth. To determine the biological effect of AA metabolic pathway inhibitors on lung cancer cell line proliferation, we evaluated the effect of different inhibitors on the growth of a range of lung cancer cell lines including both SCLC and non-SCLC (NSCLC) cell lines. Representative growth curves for three different cell lines assayed in the presence of the cyclooxygenase inhibitor ASA is shown in Fig. 4 A. In general ASA had a better growth inhibitory effect on the NSCLC cell lines than the SCLC cell lines, only NCI-H209 was inhibited by Ͼ 30%. (Table I ). The limited inhibitory effect of ASA in vitro on the SCLC cell lines correlates with our observations that arachidonic metabolism was not greatly altered by . Cell line NCI-H209 was exposed to 2 ng/ ml IGF-I or to 5 ng/ml GRP; the samples were then analyzed using a previously reported HPLC chromatographic procedure (15) . (B) Effect of exogenous addition of the AA metabolite 5-HETE on the proliferation of NCI H-209 cells. A representative experiment is shown, and the result is expressed as mean ODϮSD of eight data points. Asterisks indicate significant stimulation as compared to vehicle control (P Ͻ 0.05). Maximal stimulation was observed at 0.02 g/ml 5-HETE.
ASA alone on NCI-H209 cells (Fig. 3, A and B ) . Inhibition of cyclooxygenase activity did not result in consistent reduction in lung cancer cell line growth.
Inhibition of the lipoxygenase pathway resulted in greater inhibition of tumor cell line growth. NDGA is a free-radical inhibitor of lipoxygenase activity and has been shown to suppress DNA synthesis in the transformed human monocyte/ macrophage cell line U937 (27) . NDGA has been previously shown to inhibit 12-O -tetradecanoylphorbol-13-acetateinduced tumor promotion in a mouse skin carcinogenesis model (28) . We observed significant growth inhibition with this compound on all cell lines tested with 5-10 M (Table I , Fig. 4 B ) , for both SCLC and NSCLC cell lines.
We next evaluated the proliferative effect of two, more specific 5-LO inhibitors. We observed reproducible growth inhibition compared to vehicle control on all four SCLC and two of three NSCLC cell lines with ‫ف‬ 5-10 M AA861 (Table I) . This observation complements the biochemical data shown in Fig. 3 . Similar results were obtained with the 5-LO inhibitor (22) , which is a potent and specific inhibitor of leukotriene biosynthesis in intact leukocytes (29) . This compound was an effective inhibitor at 5-10 M concentrations on all cell lines tested. Representative data for three cell lines is shown with AA861 (Fig. 4 C ) and MK 886 (Fig. 4 D ) . A bronchioloalveolar carcinoma, A549, was resistant to AA861, but not to MK 886. MK 886 binds to the membrane-bound FLAP, thus preventing translocation of 5-LO from the cellular cytoplasm (where it is inactive) to the plasma membrane (29) . To evaluate the specificity of this compound, we added back 5-HETE to NCI-H209 cells, after growing the cells in 0.6 M MK 886 for 24 h. The addition of 0.005 g/ml 5-HETE increased growth by 20% compared to cells treated identically with the MK 886 but not exposed to 5-HETE. The two inhibitors of the 5-LO pathway block via different mechanisms. The benzoquinone, AA861, was designed to directly inhibit enzymatic activity, but as discussed above also acts via stabilization of some of the hydroperoxy AA derivatives. To confirm that lung cancer cell lines express the enzymes which are the targets of the 5-LO and FLAP inhibitors, we analyzed the message expression for 5-LO and FLAP by RT-PCR and southern blot analysis. Fig. 5, A and B show that SCLC and NSCLC cell lines tested express both transcripts. Using in situ RT-PCR, we also demonstrate the expression of 5-LO mRNA in paraffin sections taken from primary lung cancer tissue of both SCLC and NSCLC (Fig. 5, C-F ) .
In athymic nu/nu mice bearing heterotransplants of the SCLC cell line NCI-H209, the administration of NDGA in their drinking water resulted in significantly smaller xenograft size relative to control. The flank tumor size was an average of 0.77 cm 3 for the NDGA treated group and 2.22 cm 3 for the placebo group ( P Ͻ 0.05), without any significant difference in total body weight between the two groups. The tumor xenografts were harvested from both groups and examined for the presence of apoptosis-induced oligonucleosomes using a commercially available kit (ApopTag). Tumors from the untreated group of mice had low levels of degraded DNA, whereas the flank tumors harvested from the group of mice treated with NDGA demonstrated a significantly ( P Ͻ 0.05) increased number of cells with apoptotic DNA (Fig. 6 ), which correlated with the reduction in tumor size. This finding is consistent with other published data (30) and suggests a potential mechanism of growth inhibition mediated by 5-LO inhibition.
Discussion
Our work demonstrates that the lipoxygenase pathway of AA metabolism is activated in SCLC cells after stimulation by two growth factors. We show that 5-HETE is a major early 5-LO 
The mean growth inhibitionϮSD of a minimum of three experiments is presented and was achieved with 100 M for ASA, 10 M for AA861, and 5 M for NDGA and MK 886. For each compound the drug concentration that showed the greatest mean inhibition is shown. All values were determined by assessment of percent growth inhibition calculated from the optical density value, with a minimum of six replicates from at least three different experiments per cell line. Percent growth inhibition compared to vehicle control was significantly different (P Ͻ 0.05) except where specified. *Indicates no significant difference in growth compared to control.
metabolic product of growth factor-stimulated lung tumor cells and that 5-HETE can directly stimulate tumor cell growth in vitro. These cells also produce the specific downstream products of the 5-LO pathway which suggests the presence of bioactive 5-LO enzyme. This study reports for the first time, that the mRNA for the 5-LO and FLAP transcript is expressed in lung tumor cell lines, and we also demonstrate in situ expression of 5-LO message in primary tumor tissue. In addition, HPLC characterization demonstrate that inhibitors of AA metabolism can reverse the production of several metabolites, resulting in inhibition of 5-HETE, LTD4, and AA itself. The inhibition of AA release by a 5-LO inhibitor but not ASA was surprising and suggests a feedback stimulation loop acting via a 5-LO produced metabolite. The increased production of 15-HETE, platelet-activating factor, and to some extent prostanoids in the presence of AA861 has been observed in other cell systems in our laboratory. This may indicate a diversion of the arachidonate metabolism to alternative pathways in the presence of an inhibitor when the cells are undergoing continuous stimulation by growth factors. Furthermore, lung cancer cell growth could selectively be inhibited in vitro by 5-LO inhibitors AA861, MK 886, and NDGA. The growth inhibition of MK 886 on NCI-H209 could be overcome by the addition of 5-HETE. Although the specificity of the 5-LO inhibitors is not complete, the similar results with the three different types of 5-LO inhibitors is consistent with the lipoxygenase pathway playing a significant role in growth factor signaling. The in vivo experiments with NDGA in athymic nu/nu mice bearing heterotransplants of SCLC cell line NCI-H209, suggests that tumor growth reduction is mediated by apoptotic growth control. In vitro experiments with NCI-H209 also show evidence of increased apoptotic activity in the presence of MK 886 (data not shown).
Inhibitors of AA metabolism can directly or indirectly induce biochemical and morphological changes in cultured cells. In a malignantly transformed prostate cell line, a 5-LO inhibitor caused inhibition of proliferation indicated by modulation of DNA synthesis (31) . Specific 5-LO inhibitors have also been shown to have significant antiproliferative effect on several leukemic cell lines but not on HeLa cells (32). Conversely, cysteinyl leukotrienes have been previously reported to increase the growth of normal bronchial epithelial cells (33) . Since lung cancer cell growth can be selectively inhibited by 5-LO inhibitors such as AA861, MK 886, and NDGA, further consider- ation of this approach in advanced stage tumors and early cancer is merited. In our experience, the growth inhibitory effects in vitro of the 5-LO inhibitors is at least as potent as the conventional chemotherapy drugs used for lung cancer treatment (34) . Furthermore, the effective drug concentrations needed to inhibit cancer cell line growth with the compounds used in our study are achievable in humans (35) . In contrast to the usual toxic chemotherapeutic agents, the modest clinical toxicity of the downstream AA inhibitors make them appropriate for consideration not only for cancer treatment but also for chemopreventive applications. The use of 5-LO inhibitors for lung cancer may complement the proposed use of cyclooxygenase inhibitors to prevent colon cancer (16, 36, 37) .
Growth factors are known to play an important role in the induction and inhibition of apoptosis in several tumor systems (38) . The interruption of 5-LO-dependent cell signaling upregulates the rate of apoptotic cell death in a human hematopoietic cell line (31) . The same effect has been reported for the cyclooxygenase pathway of AA metabolism in colon cancer (30) . Similarly, inhibition of apoptosis has been reported with the progression of a carcinoma in the colon (39) . Our results further suggest stimulation of or reestablishment of apoptotic growth regulation resulting from the interruption of the 5-LO pathway, as a possible mechanism for the antiproliferative effect of the lipoxygenase inhibitors. Baserga used the relationship of IGF-I receptor with apoptosis as an example of a growth factor circuit acting as an oncogene, enabling the process of carcinogenesis (20). Our results are consistent with Baserga's hypothesis regarding the critical role growth factor signaling circuits play in permitting cells to cycle through apoptotic growth control. Our data, using cell lines derived from an advanced stage of lung carcinogenesis, suggests that the pathways to reestablish apoptotic growth control are conserved late into the natural history of a cancer.
Understanding of the molecular events involved in growth factor signaling is rapidly evolving. We present our results as a working model for regulation of lung cancer cell growth with potential therapeutic implications. Independent validation of the significance of these observations is desirable since therapeutic efforts currently used in the treatment of lung cancer have not reduced the high mortality rate of this disease (1, 2) . Lipoxygenase inhibitors represent a new pharmacological tool to renew growth regulation in transformed cell populations. The relationship between tumor growth factor signaling and the trophic influence of leukotrienes may also provide a mechanistic link for the clinical association of chronic inflammation, repair of epithelial injury, and the development of cancer. Specifically, antagonizing critical growth factor-dependent signaling pathways may be a fundamental clinical strategy with applicability during all phases of lung carcinogenesis.
